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Summary
Deltex is a cytosolic effector of Notch signaling
thought to bind through its N-terminal domain to the
Notch receptor. Here we report the structure of the
Drosophila Deltex N-terminal domain, which contains
two tandem WWE sequence repeats. The WWE re-
peats, which adopt a novel fold, are related by an ap-
proximate two-fold axis of rotation. Although the
WWE repeats are structurally distinct, they interact ex-
tensively and form a deep cleft at their junction that
appearswell suited for ligand binding. The two repeats
are thermodynamically coupled; this coupling ismedi-
ated in part by a conserved segment that is immedi-
ately C-terminal to the second WWE domain. We dem-
onstrate that although the Deltex WWE tandem is
monomeric in solution, it forms a heterodimer with
the ankyrin domain of the Notch receptor. These re-
sults provide structural and functional insight into
how Deltex modulates Notch signaling, and how
WWE modules recognize targets for ubiquitination.
Introduction
The Notch pathway is a complex transmembrane signal-
ing pathway in higher eukaryotes that is involved in cell
fate determination during development and throughout
adult life (for reviews, see Artavanis-Tsakonas et al.,
1999; Kanwar and Fortini, 2004; Kopan, 2002; Le Borgne
et al., 2005). In Drosophila melanogaster, Notch signal-
ing controls the choice between neuronal and epidermal
differentiation in embryogenesis, and is later involved in
the proper formation of wing and eye structures, sen-
sory bristles, and other adult structures. In mammalian
development, Notch signaling influences cell fate in a
variety of developmental contexts, including T and B
cell differentiation, muscle formation, and formation of
neuronal tissues. Mutations in Notch pathway genes
have been associated with a variety of human diseases,
including T cell lymphomas, neurological disorders,
and multisystem developmental disorders (Artavanis-
Tsakonas, 1997; Bulman et al., 2000; Weng et al., 2004).
A large number of genes that mediate Notch signaling
have been identified in Drosophila, through phenotypic
analysis (Lehman et al., 1983), genetic interaction stud-
*Correspondence: barrick@jhu.eduies (Xu and Artavanis-Tsakonas, 1990; Xu et al., 1990),
and molecular assays of direct association (Matsuno
et al., 1995, 1997; Nam et al., 2003). Central to the path-
way is the Notch transmembrane receptor, which ap-
pears to influence cell fates in two very different pro-
cesses. In one process, which depends on stimulation
by a family of extracellular ligands of the DSL class
from neighboring cells, the Notch receptor is proteo-
lyzed (Brou et al., 2000; De Strooper et al., 1999;
Mumm et al., 2000), liberating a large intracellular poly-
peptide (termed NICD, w1000 residues in Drosophila)
that can enter the nucleus and activate transcription of
target genes. Transcriptional activation by NICD results
from direct interaction with a complex of proteins includ-
ing a site-specific DNA binding protein of the CSL class.
In a second mode of signaling, Notch receptors influ-
ence cell fate decisions that depend on neither the CSL
transcription factor nor the DSL class of extracellular
ligands (Matsuno et al., 1997; Ordentlich et al., 1998; Ya-
mamoto et al., 2001). In the developing Drosophila pe-
ripheral nervous system, this second, CSL-independent
mode of signaling appears to collaborate with the wing-
less/wnt pathway at early times to bias cell fate poten-
tials in relatively broad fields of cells (Brennan et al.,
1999; Ramain et al., 2001). After these biasing patterns
are established, the CSL-dependent mode of Notch sig-
naling is used within these fields to induce differentiation
on a cell-by-cell basis (Arias, 2002).
The molecular mechanism that underlies CSL-
independent Notch signaling is less well understood
than that of CSL-dependent signaling. One of the central
players in CSL-independent Notch signaling is Deltex.
Deltex is a cytosolic protein that displays genetic inter-
actions with a number of Notch pathway genes, includ-
ing the Notch receptor gene (Gorman and Girton, 1992;
Xu et al., 1990). In Drosophila, mutations in the Deltex
gene produce an array of phenotypes similar to those re-
sulting from loss-of-function mutations in the Notch re-
ceptor, suggesting that Deltex is an activator of Notch
signaling. Affected tissues include the wing, eye, and
sensory bristles (Gorman and Girton, 1992; Xu and Arta-
vanis-Tsakonas, 1990). In mammals, there are three Del-
tex homologs (Kishi et al., 2001) that participate in an
array of Notch signaling processes, affecting neuronal
differentiation and specialization (Sestan et al., 1999;
Yamamoto et al., 2001) and the choice between the B
and T cell lineage (Izon et al., 2002; Ordentlich et al.,
1998), although in these systems the effect of Deltex
on Notch signaling can be activating or inhibiting, de-
pending on context. A retroviral insertion mutagenesis
study aimed at identifying cancer-related genes found
a high incidence of insertion within the human Deltex-2
gene in a B cell lymphoma panel (Suzuki et al., 2002).
The Drosophila Deltex gene is ubiquitously ex-
pressed, and encodes a cytosolic protein (Busseau
et al., 1994) that colocalizes with the cytosolic portion
of membrane-bound Notch receptors in cultured Dro-
sophila cells (Diederich et al., 1994). Recently, Drosoph-
ila Deltex has been implicated in mediating endocytosis
of the Notch receptor (Hori et al., 2004), an activity
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(Takeyama et al., 2003). Yeast two-hybrid experiments
suggest that the Drosophila Notch and Deltex proteins
interact directly via the cytosolic ankyrin domain of the
Notch receptor and an N-terminal region of Deltex (Mat-
suno et al., 1995). Two-hybrid experiments also suggest
that Drosophila Deltex self-associates via several dis-
tinct binding sites, including the N-terminal domain im-
plicated in Notch receptor binding (Matsuno et al.,
1995, 2002). The C-terminal region of Deltex contains a
RING-E3 ubiquitin ligase domain (Busseau et al., 1994),
and mammalian Deltex has recently been shown to pos-
sess ubiquitin ligase activity (Takeyama et al., 2003).
To obtain a better understanding of the molecular
mechanisms by which Deltex controls Notch signaling,
we have undertaken structural and biophysical studies
of the Deltex protein and its interaction with the Notch
receptor. Here we present the structure of the Notch-
interacting domain of Deltex, which contains two tan-
dem WWE sequence modules. The two WWE modules
are folded similarly and are related by an approximate
two-fold axis of symmetry. Within each WWE module,
the defining residues (tryptophans and glutamate) are
segregated into two structurally similar clusters that
are critical to stability. The two WWE modules interact
extensively across a large interface, defining a large cleft
that appears well suited for binding of extended poly-
peptides. Using analytical ultracentrifugation (AUC)
and multiangle static light scattering (MASLS), we dem-
onstrate that domain 1 of Deltex forms a 1:1 complex
with the Notch ankyrin domain, but that both domains
are monomeric in isolation. We find that the complex
weakens with increasing salt concentration, suggesting
that electrostatics makes a significant contribution to
the stability of the complex. These results provide in-
sight into how Deltex modulates Notch signaling, as
well as a structural platform for understanding how
WWE modules select targets for covalent modification.
Results and Discussion
TheD.melanogasterDeltex gene encodes a 738 residue
polypeptide that contains three roughly equally sized
blocks of high- to moderate-complexity sequence, sep-
arated by two polyglutamine tracks (Busseau et al.,
1994). We refer to these three sequence blocks as do-
mains 1, 2, and 3 (Figure 1A), although it is not clear
that they fold into autonomous, structured domains. Do-
main 2 has a large number of proline residues, and may
be the target of an SH3 domain (Matsuno et al., 1998).
Domain 3 contains a region with high sequence similar-
ity to the RING-E3 ubiquitin ligase family, and has been
reported to be involved in ubiquitination (Takeyama
et al., 2003). Homodimerization mediated by domain 3
has been suggested to be important for Deltex function
in Drosophila wing development (Matsuno et al., 2002).
Domain 1, which has been implicated in binding to the
Notch receptor and oligomerization, contains two tan-
dem WWE sequence motifs of around 80 residues
each (orange and purple, Figure 1). WWE repeats are se-
quence motifs found in a variety of cytosolic proteins in-
volved in signal transduction, including Deltex proteins,
poly-ADP polymerases (PARPs), and non-Deltex E3
ubiquitin ligases (Aravind, 2001). The WWE sequencemotif is named for two conserved tryptophan residues
and one conserved glutamate residue within the se-
quence profile. All Deltex homologs identified thus far
contain a tandem pair of WWE sequence motifs,
whereas PARPs and non-Deltex E3 ligases typically con-
tain only a single motif (Aravind, 2001). The two WWE
motifs of Drosophila Deltex are flanked by sequences
of moderate complexity and conservation (Figure 1).
To explore and optimize the solution and crystalliza-
tion properties of the Notch binding domain of Deltex,
a number of constructs containing the WWE motifs
were expressed and purified. Early in these studies, it
was found thatw25 residues from the N terminus could
be omitted without adversely affecting solubility or con-
formational stability. As this N-terminal segment is of low
sequence complexity, and is absent from other Deltex
homologs, this segment was omitted from subsequent
constructs (construct Dx1A*, Figure 1A). Moreover,
long-term solubility was found to be greatly improved
by substitution of cysteines with serines, which did not
decrease conformational stability (not shown).
Crystal Structure of Deltex Domain 1
Crystals of the Dx1A* construct (Figure 1) were readily
grown from solutions of 1.2 M sodium acetate, 100
mM sodium cacodylate (pH 6.5). The Dx1A* construct
contains residues 26–260, which includes both WWE
domains (residues 35–118 and 119–201; colored orange
and purple in artwork herein), a short N-terminal exten-
sion of 9 residues, and a larger C-terminal extension of
59 residues (colored gray in Figure 1). We used multiple
anomalous dispersion (MAD) phasing of diffraction from
selenomethionine-substituted crystals (Leahy et al.,
1992) to solve the structure of Dx1A* at 2.15 A˚ (Table 1).
Architecture of Each WWE Module
The two WWE modules of Dx1A* adopt compact struc-
tures mostly composed of b strands, with a single three-
turn a helix in both modules and an additional short he-
lical segment in the second WWE module (Figure 2A).
The WWE modules are folded similarly: a least squares
Ca superposition leads to an rmsd of 1.2 A˚. The two
WWE modules are related to each other by an approxi-
mate two-fold rotation axis (Figure 2B). Within each
WWE module, the b strands form a single, twisted anti-
parallel b sheet that is cupped toward the a helix. The
first and second strands of each module form the neigh-
boring and edge strands of the sheet and are crossed by
the a helix. This a helix is followed by four b strands,
which start from the opposite edge of the sheet (strand
3) and progress with a simple antiparallel hairpin con-
nectivity toward strand 1, with strand 6 hydrogen bond-
ing with strand 1. Thus, within in each module, the N and
C termini are in close proximity (Figure 2).
Superficially, the architecture of each WWE module
resembles that of ubiquitin, which is approximately the
same length, and also contains a single three-turn a helix
inserted into a b sheet (Figure 2C). The similarity is stron-
gest at the N terminus, where strands 1 and 2 of ubiquitin
form an antiparallel hairpin on one edge of a sheet, and
are followed by an a helix, as is seen in each WWE mod-
ule. Likewise, the last b strand of the ubiquitin structure
is inserted into the middle of the b sheet adjacent to the
N-terminal b strand, as in the WWE modules. However,
the orientation of the helix relative to the N-terminal
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sophila Deltex Protein
(A) Schematic of blocks of sequence conser-
vation (Busseau et al., 1994) and constructs
presented in this study. Two segments of
polyglutamine (black) divide the polypeptide
into three segments of roughly equal length.
The two WWE modules in domain 1, as de-
fined by Aravind (2001), are shown in orange
and purple. Additional N- and C-terminal se-
quences in domain 1 flank the WWE repeats.
A RING-E3 ubiquitin ligase domain in the C
terminus is shown in green.
(B) Comparison of Deltex domain 1 sequen-
ces from various taxa. Orange and purple
bars indicate the boundaries of the two
WWE sequence repeats, according to Ara-
vind (2001). Gray bars indicate additional se-
quence outside the WWE motifs, as in (A).
Breaks in the gray and orange bars indicate
regions of the polypeptide chain for which
the electron density was not interpretable.
The locations of a helices and b strands
identified from the crystal structure using
the program DSSP (Kabsch and Sander,
1983) are indicated below the sequence.
Residues in the two WER clusters of each
WWE motif are indicated with green and
red triangles according to the color scheme
in Figure 2A. The sequence alignment was
generated using ALSCRIPT (Barton, 1993).b hairpin is reversed in ubiquitin, as is the connectivity of
the C-terminal portion of the b sheet, which in ubiquitin
has a more complicated greek-key-like topology.
Thus, the overall connectivities of the two b sheets for
the Deltex WWE modules and ubiquitin, respectively,
are b2-b1-b6-b5-b4-b3 and b2-b1-b5-b3-b4. As a result
of these differences, the WWE domains of Deltex are
not identified as resembling previously reported protein
folds by DALI (Holm and Sander, 1997), VAST (Gibrat
et al., 1996), or by expert examination (A. Murzin, per-
sonal communication). However, the fold is quite similar
(1.3 A˚ over 66 Ca atoms residues) to a WWE module from
a human open reading frame of unknown function that
was recently deposited in the Protein Data Bank (PDB
code 1UJR).
Architecture of the WWE Tandem
Each WWE module has a largely autonomous fold,
showing very little domain swapping with the other mod-
ule. Such autonomy is consistent with the observation
that single copies of WWE sequence modules are foundin non-Deltex protein sequences. One apparent excep-
tion to this structural autonomy is that the first three res-
idues of the second WWE module, as defined by the se-
quence alignment of Aravind (2001), are contiguous with
the last b strand of the first WWE module, making a num-
ber of direct interactions with the first module. The first
two residues following the second WWE module are
similarly structured, completing the last b strand of
that module (bB6, Figure 2C). These apparent strand ex-
changes are likely to result from the difficulty with which
the precise borders of a structural unit can be identified
from sequence alignment, rather than representing
an example of domain swapping (Liu and Eisenberg,
2002). Based on these structural boundaries, we pro-
pose that sequence representations of the WWE module
be extended C-terminally to include the sixth b strand.
In contrast to the structural autonomy exhibited by the
two WWE modules, the segment C-terminal to the sec-
ond WWE module makes extensive interactions with
the first WWE module, crossing from the second module
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b strand (b0 in Figure 1B) that invades one end of the
b sheet of the first WWE module, hydrogen bonding
with b strand 1 of that module (gray strand, Figure 2A).
This interaction places the N and C termini flanking the
WWE tandem in close proximity, with the C-terminal
b strand forming what appears to be a clasp, structurally
linking the two ends of the domain.
Although the two WWE modules of Deltex domain 1
have compact, largely autonomous folds, there is sub-
stantial interaction between the two modules. The inter-
face between the two modules, which is primarily de-
rived from b strands 1, 2, and 6 of each module (as
well as the seventh strand following the second module),
buriesw1800 A˚2 of surface area (Figure 2D). Many of the
residues that make up this interface, which are predom-
inantly aliphatic and aromatic, are conserved in Deltex
homologs, but are not conserved in non-Deltex WWE
sequences (not shown), suggesting that this mode of in-
teraction between the two WWE modules is conserved
among divergent Deltex orthologs. Moreover, the exten-
sive interface and conservation suggests that the two
WWE modules may be thermodynamically and function-
ally coupled.
Outside of the two WWE modules and the 12 C-termi-
nal residues described above, electron density corre-
sponding to the fairly long N- and C-terminal flanking
sequences (17 and 60 residues, respectively; see the
dashed regions in Figure 1B) is not interpretable, indi-
cating that these two regions are disordered. This ap-
parent disorder suggests that these terminal sequences
might not be necessary for the structural integrity of the
Table 1. X-Ray Data Collection, Phasing, and Refinement Statistics
Data Set SeMet (l1) SeMet (l2) SeMet (l3)
X-ray source NSLS X4-A NSLS X4-A NSLS X4-A
Wavelength (A˚) 0.9795 0.9793 0.9724
Resolution (A˚) 50–2.15 50–2.15 50–2.15
Completenessa (%) 99.2 (99.6) 99.0 (99.9) 95.3 (97.8)
Rmerge
b 0.063
(0.510)
0.082
(0.677)
0.070
(0.501)
Mean figure of merit (FOM)
(50–2.8 A˚)
0.83
Refinement (against l1)
Rcryst/Rfree
c 0.230/0.248
Resolution range (A˚) 50–2.15
Rms deviations
Bonds (A˚) 0.008
Angles (º) 1.621
B factors (A˚2) (main
chain/side chain)
1.65/1.84
Ramachandran plot
Most favored regions 87.5
Additionally allowed
regions
12.5
Disallowed regions 0
a The numbers in parentheses describe the relevant values for the
last resolution shell.
b Rmerge = SjIi2 <I>j/SIi, where Ii is the intensity of the ith observation
and <I> is the mean intensity of the reflection. Intensities for reflec-
tions (h,k,l) and (2h,2k,2l) were treated independently in the calcu-
lation of Rmerge.
c R = SjFobs2 Fcalcj/SjFobsj. Rcryst and Rfree were calculated from the
working and test sets, respectively. The test set contained 10% of
the total reflections.tandem WWE domain, despite moderate sequence con-
servation among Deltex orthologs (Figure 1B).
The WWE Sequence Motif
In each module, the tryptophan and glutamate residues
for which WWE sequences were named are distributed
over two spatially distinct clusters (red and green side
chains, Figure 2A). In addition to a conserved trypto-
phan residue, each cluster involves a conserved gluta-
mate and a conserved arginine, all derived from the
same WWE module (Figure 2A). One Trp-Glu-Arg cluster
(red in Figure 2A) involves the first highly conserved tryp-
tophan from b strand 1 and the highly conserved gluta-
mate from a helix 1, and the second of a pair of tandem
arginines from b strand 6 (see red triangles, Figure 1B).
The second cluster (green in Figure 2A) contains the sec-
ond tryptophan from the WWE sequence motif from
b strand 2, an additional glutamate from b strand 1,
and the first of the pair of arginines from b strand 6
(green triangles, Figure 1B). Interestingly, the glutamate
and arginine from the second cluster (green, Figure 2A)
are highly covariant residues: Deltex and its homologs
conserve both residues, whereas non-Deltex E3 ubiqui-
tin ligases and PARPs conserve neither (see the se-
quence alignment in Aravind, 2001). Both clusters have
interfacial character, showing partial surface exposure,
but also contributing to contacts interior to each mod-
ule, with the arginines and glutamates nearest the sur-
face in the first cluster of each module (red, Figure 2A)
and the tryptophans nearest the surface in the second
(green, Figure 2A).
The strong sequence and structural conservation of
Trp-Glu-Arg triads within each of the single WWE mod-
ules is striking, although somewhat enigmatic from a
structural perspective. As residues making up each of
these clusters are derived from overlapping regions of
the polypeptide sequence, it seems unlikely that the
occurrence of this Trp-Glu-Arg triad twice in each
WWE module reflects an evolutionary event such as du-
plication from a smaller sequence. The interactions
made by residues in these clusters in the protein core
suggest a role in defining and maintaining the fold of
the WWE module. The partial surface exposure of some
of the residues in these clusters suggests a role in rec-
ognition of targets for ubiquitination. The clusters col-
ored red in Figure 2A may be part of a common target
recognition site in all WWE modules, whereas the clus-
ters colored in green, which are restricted to the tandem
WWE modules of Deltex, may be specific for recognition
of Notch and other Deltex targets.
Thermodynamic Coupling of the WWE Modules
The crystal structure of Dx1A* reveals extensive interac-
tions between the two WWE modules, suggesting that
they may be coupled to one another. To test this, we
measured urea-induced unfolding transitions of Dx1A*
using circular dichroism (CD) and tryptophan fluores-
cence spectroscopy. Both structural probes detect the
same single abrupt unfolding transition centered at 2.9
M urea (Figure 3A). Based on an empirical linear relation
between the steepness of such transitions (represented
through the m value for unfolding; the m value is defined
as the sensitivity of unfolding free energy to molar dena-
turant concentration; Pace, 1986) and the size of the
polypeptide chain (Myers et al., 1995), an m value of
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(A) Left: ribbon diagram showing the first WWE module in orange, and the second module in purple. WER clusters are colored green and red.
C-terminal residues outside the second WWE module are colored gray, as in Figure 1B. Right: sA-weighted 2Fo 2 Fc electron density map
(1.2s) for the refined structure rendered in stereo highlighting the two WER clusters in the first WWE module.
(B) Superposition of the two WWE repeats. Analogous elements of secondary structure are colored from red to purple.
(C) Comparison of the secondary structure elements and sheet topology of the Deltex WWE modules (top) and ubiquitin (bottom).
(D) Same view and color scheme as (A), showing side chains from residues making direct contacts (based on occlusion of solvent-accessible
surface area) between the two WWE modules in stereo.
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16041.97 kcalmol21M21 would be expected if the two
WWE modules are thermodynamically coupled into
a single cooperative transition. The close agreement be-
tween this calculated value and the observedm value for
unfolding (2.04 6 0.03 and 2.10 6 0.05 kcalmol21M21
Figure 3. Structural Stability of Domain 1 of Deltex
(A) a-helical structure, monitored by CD at 222 nm (closed circles),
and tryptophan fluorescence (open circles), as a function of urea
concentration for Dx1A*.
(B) Far-UV CD spectra of Dx1A* (red), the shorter WWE-AB con-
struct (green), and the WWE-AB+ construct (blue).
(C) a-helical structure as a function of urea concentration for Dx1A*
(red circles), for the shorter WWE-AB construct (green squares),
and for the WWE-AB+ construct (blue x’s). For (B) and (C), solid
lines are the result of fitting a linear free energy relationship to
the unfolding transitions using nonlinear least squares. Conditions:
150 mM NaCl, 25 mM TrisHCl (pH 8.0), 20ºC.by CD and fluorescence, respectively; Table 2) indicates
that indeed, both WWE domains are coupled. The close
coincidence between the CD- and fluorescence-moni-
tored unfolding transitions supports this conclusion
(DGº values of 5.97 6 0.10 and 6.02 6 0.12 kcalmol21,
respectively).
To examine whether sequences in Deltex domain 1
that are outside the WWE modules, which include a sub-
stantial number of disordered residues, contribute to the
structural stability of the WWE tandem, we constructed
a truncated polypeptide that corresponds to only the
two WWE sequence modules defined by Aravind
(2001). This polypeptide, which we refer to as WWE-AB
(Figure 1A), shows a slightly stronger (more negative)
far-UV CD signal on a per-residue basis, consistent
with deletion of a disordered region (Figure 3B). Whereas
the structure seen by far-UV CD indicates that the WWE
modules retain some aspects of their structural integrity
in the absence the flanking sequences, the urea-induced
unfolding transition of WWE-AB is shifted to a lower urea
concentration (2.3 M), suggesting a decrease in stability
(Figure 3C). Moreover, the steepness of the unfolding
transition of WWE-AB is decreased by a factor of two
(Table 2) compared to the longer Dx1A* construct.
One structural model consistent with this steepness
change is that polypeptide segments outside the WWE
sequence modules couple the two WWE modules, and
that in the absence of these segments the two WWE
modules become independent, producing a multistate
unfolding transition. A multistate unfolding transition is
consistent with a significant deviation of the fluores-
cence-detected transition of WWE-AB from that by CD
(urea midpoints of 1.5 versus 2.3 M, respectively; not
shown). Uncoupling of the two WWE modules may be
related to the observation that the shorter WWE-AB con-
struct is significantly less soluble than the longer Dx1A*
construct, as the two WWE modules may be more likely
to separate, exposing the large interfacial hydrophobic
surface shown in Figure 2D.
One region of the polypeptide chain outside the WWE
sequence modules that may couple the two WWE
Table 2. Thermodynamic Parameters for Unfolding of Deltex
Domain 1 Constructs
Construct
DGº(H2O)
(kcalmol21)
m Value
(kcalmol21M21)
Dx1A* 5.97 6 0.10 (3) 2.04 6 0.03
WWE-AB 2.24 6 0.16 (4) 0.99 6 0.03
WWE-AB+ 4.77 6 0.07 (5) 1.77 6 0.03
E50A 1.70 6 0.02 (3) 1.04 6 0.03
E69A 1.48 6 0.08 (3) 1.00 6 0.03
E134A 3.52 6 0.13 (3) 1.61 6 0.06
E158A 1.52 6 0.14 (3) 0.82 6 0.05
Unfolding transitions were monitored by far-UV CD. Urea-induced
unfolding parameters were determined by fitting a linear free energy
relationship, namelyDG=DGº(H20)2m[urea], whereDG is the urea-
dependent free energy of unfolding, DGº(H2O) is the standard state
free energy of unfolding in the absence of urea, and m is a sensitivity
coefficient (the m value is defined as the sensitivity of unfolding free
energy to molar denaturant concentration; Pace, 1986). Values in pa-
rentheses indicate the number of independent urea-unfolding tran-
sitions used to calculate the mean parameter value. Uncertainties
are standard errors on the mean. Conditions: 150 mM NaCl,
25 mM TrisHCl (pH 8.0), 20ºC.
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nal to the second repeat (gray, Figure 2A). As described
above, the C-terminal portion of this segment (strand b0)
loops around and contacts the N-terminal strand of the
first WWE module, providing what appears to be a struc-
tural clasp between the chain termini. To test whether
this short region acts to thermodynamically couple the
two modules, we measured urea-induced unfolding
transitions for WWE-AB+, which contains both WWE
modules and this additional 12 residue segment (Figure
1A). The unfolding transition of this construct is nearly as
steep as that of Dx1A*, and has a similar midpoint for un-
folding (Figure 3). The increase in stability and coopera-
tivity in unfolding of WWE-AB+ compared to WWE-AB is
reflected in the fitted thermodynamic parameters (Table
2). Moreover, urea midpoints for fluorescence and CD
are similar (2.6 and 2.7 M, respectively). Thus, this short
C-terminal strand is indeed responsible for a large frac-
tion of the thermodynamic coupling seen between the
WWE modules of Dx1A*, as suggested from the struc-
ture, with only a modest contribution from the disor-
dered regions of the polypeptide. This C-terminal seg-
ment contains a high level of sequence conservation
among Deltex homologs (Figure 1B), suggesting that
this coupling mechanism may be functionally important.
Role of the WER Clusters in the Structural Stability
of Deltex Domain 1
To examine the role of each of the WER clusters in main-
taining and preserving the fold, we substituted each of
the glutamate residues in these clusters with alanine.
These glutamates assume a central structural position
in the WER clusters, forming salt bridges with the con-
served arginines. The glutamate in the first cluster of
each module also forms a hydrogen bond with the indole
NH of the conserved tryptophan in the same cluster.
Whereas the four alanine variants show similar amounts
of structure by CD (Figure 4A), they are all significantly
less stable than the parent construct, Dx1A* (Figure
4B; Table 2). Three of the four substitutions significantly
decrease the steepness of the unfolding transition,
again suggesting a loss of cooperativity. Given the large
decreases in stability resulting from substitution, these
clusters appear to be important for structural integrity
of Deltex domain 1, and perhaps of WWE modules in
general.
Deltex Domain 1 Solution Stoichiometry
Previous studies using yeast two-hybrid techniques
have suggested that Deltex forms a variety of direct,
homotypic interactions involving different parts of
the w738 residue polypeptide, including a domain 1-
domain 1 interaction (Matsuno et al., 1995). We have in-
vestigated potential modes of association in Deltex do-
main 1 using multiangle static light scattering (MASLS)
and analytical ultracentrifugation (AUC). Contrary to ex-
pectations, both techniques indicate that Deltex domain
1 is monomeric in solution. When chromatographed
on a size exclusion column and resolved on an MASLS
detector, Dx1A* elutes at a single peak with weight-
averaged molecular weight (29,500 gmol21) that is simi-
lar to that calculated from primary sequence (26,546
gmol21; Figure 5, blue). This result is independent of
loading concentration up to 200 mM (w5 mg/ml), thehighest concentration examined. These results are con-
sistent with results from equilibrium AUC, in which the
concentration distribution of Dx1A* conforms closely
to a single species (Figure 6A), and yields a molecular
weight that closely matches that from primary sequence
(Table 3) and is independent of loading concentration.
Association of Deltex Domain 1 and the Notch
Ankyrin Domain
Two-hybrid studies have suggested that Notch and Del-
tex interact through binding of domain 1 of Deltex and by
the ankyrin repeats of the Notch receptor. We have used
size exclusion chromatography (SEC)-MASLS and equi-
librium AUC to probe and quantify potential heteromeric
association in solution, taking advantage of the fact that
both the Notch ankyrin domain (Zweifel et al., 2003) and
Deltex domain 1 are monomeric in solution (see above).
Early in the course of these studies, we found that mix-
tures of these two proteins precipitate at low to
Figure 4. Effect of Substitutions in WER Clusters on Structural Sta-
bility of Domain 1 of Deltex
(A) Far-UV CD spectra of Dx1A* (black), and glutamate to alanine
substitutions, color coded as in Figure 2A.
(B) a-helical structure as a function of urea concentration for Dx1A*
(black circles), E69A (red x’s), E50A (green x’s), E158A (red open
circles), and E134A (green open circles). Solid lines are the result
of fitting a linear free energy relationship to the unfolding transitions
using nonlinear least squares. Conditions: 150 mM NaCl, 25 mM
TrisHCl (pH 8.0), 20ºC.
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1606intermediate (<200 mM) salt concentrations, but remain
in solution at higher concentrations. Thus, NaCl concen-
trations range from 200 to 300 mM in studies presented
here.
When 1:1 mixtures of Dx1A* and a polypeptide con-
taining all seven ankyrin repeats from the Notch receptor
(referred to here as Nank1-7*) are examined by SEC-
MASLS, the mixture elutes as two peaks (Figure 5,
green). The first peak elutes at an earlier time than either
Figure 5. Association in Solution of Deltex Domain 1 and the Notch
Ankyrin Domain Detected by Multiangle Static Light Scattering
Dx1A* and Nank1-7* were resolved either separately (blue and red,
respectively) or together (green) on a size exclusion column, and
the total protein concentration in the elution was monitored by dif-
ferential refractometry (solid lines, right axis). This signal was com-
bined with signals from multiple scattering detectors to determine
weight-averaged molecular weights (filled circles, left axis). Load-
ing concentrations are 0.5 (A), 1.5 (B), and 5 mg/ml (C) total protein
(w20 to 200 mM). The black line is the sum of the separate Dx1A*
and Nank1-7* profiles and represents the elution profile that would
be obtained in the absence of interaction.Nank1-7* (red) or Dx1A* (compare to the black curve,
which shows the sum of the elution of Nank1-7* and
Dx1A*), whereas the second peak emerges at an elution
time that is close to those of the isolated polypeptides.
The first peak is sensitive to loading concentration, elut-
ing earlier with increasing concentration and increasing
in height relative to the second peak (compare Figures
4A–4C). Moreover, the weight-averaged molecular
weight of material eluting in the first peak is substantially
higher than that of the monomeric components, and in-
creases with loading concentration to nearly that ex-
pected for a 1:1 heterodimeric complex.
Formation of a heterodimer composed of the Notch
ankyrin domain and Deltex domain 1 is supported by
equilibrium AUC. The concentration distributions of
equimolar mixtures of Nank1-7* and Dx1A* are poorly
fitted by a single-species model (Figure 6B), although
both Nank1-7* (Zweifel and Barrick, 2001a) and Dx1A*
are monomeric in isolation. Moreover, the apparent mo-
lecular weight fitted from a single-species model is sub-
stantially higher (w44 kDa) than that of the monomeric
components (w26.7 kDa). In contrast, a monomer-dimer
association model adequately describes the equilibrium
AUC data for the Nank1-7*-Dx1A* mixture, giving a fitted
monomer molecular weight that closely matches those
of the monomeric components (Table 3). Based on the
two-species model, the heterodimeric complex has
a Kd of approximately 70 mM at 300 mM NaCl, and
becomes significantly lower (i.e., tighter) at lower salt
concentrations. Based on a simple extrapolation (not
shown), the Kd is estimated to be in the range of 2–5
mM at physiological ionic strength (150 mM NaCl).
Structural Basis of Interaction between Deltex
Domain 1 and the Notch Ankyrin Domain
Surface features provide some clues as to how domain 1
of Deltex recognizes targets such as the Notch ankyrin
domain. Deltex domain 1 has large patches of positive
charge on its surface (Figure 7B), reflecting the high pI
of this protein, whereas the Notch ankyrin domain has
substantial negative charge on its surface (Figure 7D),
reflecting its low pI. Thus, the heterodimeric Notch-
Deltex complex may be stabilized electrostatically. En-
hancement of binding by charge-charge interaction is
supported by observation that the Kd decreases by
a factor of 5 when the sodium chloride concentration
is decreased from 300 to 200 mM (Table 3). Enhance-
ment of binding affinity may also be provided by the
proposed Deltex oligomerization mediated by domain
3 (Matsuno et al., 2002), which may allow domain 1
to form a polyvalent complex with membrane-bound
Notch receptors.
Another surface feature of domain 1 of Deltex sugges-
tive of binding is a large cleft formed between the two
WWE modules (Figures 7A–7C, middle view). The floor
of this cleft is made primarily from b strands 1 and 2
from the first module and from the short a helix of the
second module. The sides of the cleft are made from
one end of the long a helix of the first module, the loop
connecting b strands 3 and 4 in the first WWE module,
and the loop connecting b strands 1 and 2 in the second
WWE module. The walls of the cleft are composed of po-
lar and charged residues, whereas the floor of the cleft is
composed largely of nonpolar residues. Many of the
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1607Figure 6. Heterodimer Formation between
Deltex Domain 1 and the Notch Ankyrin Do-
main Detected by Equilibrium Analytical Ul-
tracentrifugation
Deltex alone (A), and in an equimolar mix
with the Notch ankyrin domain (B). Equilib-
rium protein concentration, determined us-
ing interference optics, is shown as a func-
tion of radial position, at rotor speeds of 24,
27, and 30 krpm (circles, squares, and x’s, re-
spectively). Solid lines show the results of
globally fitting a single-component noninter-
acting (blue) and a monomer-dimer model
(red) to all three rotor speeds at loading con-
centrations of 0.25 (left), 0.50 (not shown),
and 0.75 mg/ml total protein (right), assuming
monomer molecular weights based on pri-
mary sequence (Table 3). Residuals from
the two fits are shown above each radial
distribution.residues lining this cleft are conserved, either among
all WWE sequences or among Deltex-specific WWE
sequences (Figure 7C, green and yellow, respectively).
One of the Deltex-specific Trp-Glu-Arg motifs of the sec-
ond WWE module (green, Figure 2A) is contiguous with
one end of this cleft, also suggesting a role in molecular
recognition. This cleft appears to be well suited for bind-
ing to an extended polypeptide segment. Although the
first ankyrin repeat of the Notch receptor, which is disor-
dered in the crystal structure (Zweifel et al., 2003) andcontributes little to the structural stability of the Notch
ankyrin domain (Bradley and Barrick, 2002; Mello and
Barrick, 2004), would fit into this cleft, velocity AUC
demonstrates that a Notch ankyrin construct lacking
the first repeat retains at least some ability to bind to do-
main 1 of Deltex (not shown). Thus, if the first repeat is
involved in binding to this cleft, it is not the sole determi-
nant of binding. Ankyrin repeats 2–7 of the Notch recep-
tor form a rigid domain that, although extended (Figure
7D), is not narrow enough to fit into the Deltex cleftTable 3. Equilibrium Ultracentrifugation of the Receptor Binding Region of Deltex and the Notch Ankyrin Domain
Sample Model SRVc Mw, calc Mw, obs
d Kd, c (mM)
Nank1-7*a
n = 1 0.0140 26,948 27,400 6 200
n = 2 0.0136 26,948 27,100 6 200
Dx1A*a
n = 1 0.0179 26,546 26,300 6 150
n = 2 0.0179 26,546 26,270 6 100
Nank1-7*/Dx1A*b
300 mM NaCl n = 1 0.0640 43,900 6 850
300 mM NaCl n = 2 0.0362 26,200 6 750 33 (39, 28)f
300 mM NaCl n = 1 0.3717 26,860e
300 mM NaCl n = 2 0.0365 26,860e 69 (52, 87)f
250 mM NaCl n = 2 0.0360 26,860e 23
200 mM NaCl n = 2 0.0487 26,860e 10
a Samples were in 300 mM NaCl, 25 mM TrisHCl (pH 8), 20ºC.
b Samples were in 25 mM TrisHCl (pH 8) at 20ºC and NaCl concentration as indicated.
c Square root of the variance of the fit.
d Molecular weight (g/mol); errors represent 95% confidence levels for the fit.
e Mw held constant at the average monomer value during fitting.
f Numbers in parentheses represent the values obtained from two independent experiments.
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1608Figure 7. Surface Features of Domain 1 of Deltex and the Notch Ankyrin Domain
Three different views of Deltex domain 1 are shown: the face of the molecule opposite the large cleft (left), side view through the cleft (middle),
and directly into the cleft (right).
(A) Ribbon diagrams indicate the relative orientation of the two WWE modules in each view.
(B) Electrostatic potential (ranging from 610 kT/e) mapped to the molecular surface.
(C) Surface residues conserved in all WWE modules (green) and exclusively in Deltex WWE modules (yellow).
(D) The Notch ankyrin domain (Zweifel et al., 2003). Left: ribbon diagram, with each of the seven repeats colored from red (N-terminal repeat 1)
to violet (repeat 7). Right: molecular surface showing electrostatic potential.described above. Given the large number of irregular
surface features on Deltex, including clusters of con-
served and basic residues (Figure 7), it seems likely
that the Notch-Deltex domain 1 interaction may be me-
diated by contacts outside this large cleft, and that the
cleft may be involved in forming higher order complexes
with other components of the Notch pathway.
Experimental Procedures
Expression Vectors
Portions of the Drosophila Deltex gene were amplified by the poly-
merase chain reaction (PCR) from a plasmid containing full-length
Drosophila Deltex cDNA (pFLdx, kindly provided by Dr. Spyros Arta-
vanis-Tsakonas). The PCR primers included NdeI and XhoI restric-
tion sites to permit subcloning into the pET15b 63-His expression
vector (Novagen, Madison, WI). Primers were designed to amplifyDNA encoding amino acids 1–261 (polypeptide Dx1) and 26–261
(polypeptide Dx1A). PCR mutagenesis was used to convert the
four cysteine residues in the Dx1A polypeptide to serine (construct
Dx1A*) to help prevent protein aggregation. Although these cys-
teines decrease the overall solubility of Deltex domain 1, velocity
AUC data indicate that they do not induce association in soluble Del-
tex (not shown). Replacement of these cysteines does not decrease
the conformational stability of domain 1. The Dx1A* construct
served as a template for the PCR amplification of DNA encoding
amino acids 35–201 (polypeptide WWE-AB) and amino acids 35–
213 (polypeptide WWE-AB+) which were subcloned into pET15b
as described above. Alanine substitutions were introduced using
a Quickchange mutagenesis kit (Stratagene, La Jolla, CA).
Protein Purification
Unless noted, constructs were expressed in E. coli strain
BL21+(DE3). Cells harboring Deltex expression constructs were
grown at 37ºC in Luria-Bertani (LB) media supplemented with
Deltex Structure and Receptor Binding
16090.1 mg/ml ampicillin to an OD600 of approximately 0.6–0.8 and then
induced by the addition of isopropyl b-D-thio-galactoside (IPTG;
LabScientific, Livingston, NJ) to 1.0 mM. The cells were grown for
3–4 hr following induction, harvested by centrifugation, and stored
at 280ºC. Cell pellets were resuspended in lysis buffer containing
300 mM NaCl, 25 mM TrisHCl (pH 8.0) and were disrupted using
a French press. The cell lysate was centrifuged at 17,500 rpm in
a Beckman JA-20 rotor (Beckman Coulter, Fullerton, CA) to separate
soluble and insoluble fractions. The insoluble fraction, which con-
tained the Deltex polypeptides described here, was resuspended
in lysis buffer containing 8 M urea, clarified by centrifugation at
17,500 rpm in a Beckman JA-20 rotor, and applied to a NiNTA affin-
ity column. The NiNTA column was then washed with 20 column
volumes of lysis buffer containing 8 M urea and the protein was sub-
sequently eluted in four column volumes of lysis buffer containing 8
M urea and 250 mM imidazole. The protein was dialyzed into buffer
containing 150 mM sodium chloride and 25 mM TrisHCl (pH 8.0)
and subsequently treated with thrombin (Novagen; 1:5000 w/w) to
remove the 63-His tag. The protein was further purified using a Se-
phacryl S-200 (Pharmacia, Uppsala, Sweden) gel filtration column,
concentrated to 5–10 mg/ml, and dialyzed into buffer containing
150 mM sodium chloride and 25 mM TrisHCl (pH 8.0). The protein
was then passed through a 0.22 mm filter and stored at 280ºC. The
Nank1-7* polypeptide, containing residues 1902–2148 of the Dro-
sophila Notch receptor, was expressed and purified as described
(Zweifel et al., 2003).
Crystallization, Structure Determination, and Refinement
Selenomethionine was incorporated by expression in E. coli strain
B834(DE3) (a methionine auxotroph) grown in minimal media sup-
plemented with seleno-L-methionine. Protein was purified from
the insoluble fraction of the bacterial cell lysate using a NiNTA affin-
ity column as described above, concentrated to 5.8 mg/ml, and di-
alyzed into buffer containing 300 mM sodium chloride and 25 mM
TrisHCl (pH 8.0). Crystals were grown by hanging drop vapor diffu-
sion with 1.2 M sodium acetate and 100 mM sodium cacodylate (pH
6.5). Crystals grew in 2 to 3 days to a size of approximately 0.23 0.23
0.1 mm and were in the tetragonal space group P41 with a = b = 57.8
and c = 80.0 A˚. Crystals contained a single polypeptide in the
asymmetric unit.
Diffraction data from a selenomethionine derivative were col-
lected at National Synchrotron Light Source (NSLS) beamline X4-
A. Crystals were exposed to a cryoprotectant solution consisting
of 20% (v/v) glycerol, 1.2 M sodium acetate, and 100 mM sodium ca-
codylate (pH 6.5) for 10 s and then flash-frozen at 2175ºC prior to
data collection. Diffraction images were processed using DENZO/
SCALEPACK (Otwinowski and Minor, 1997) and initial phases were
calculated to 2.8 A˚ using SOLVE/RESOLVE (Terwilliger and Berend-
zen, 1999) to produce an interpretable map. An initial model was
constructed using the program O (Jones et al., 1991). Refinement
of the initial model against the complete 2.15 A˚ anomalous data
set was performed using CNS (Brunger et al., 1998) to Rworking =
23.0 and Rfree = 24.8. The quality of the final model was assessed us-
ing the program PROCHECK (Laskowski et al., 1993). Over 85% of
residues were found to be in the most favored regions of the Rama-
chandran plot, and showed good stereochemistry (Table 1). Buried
surface area was calculated using the method of Lee and Richards
(1971) as implemented in CNS. Figures were generated using Top-
Draw (Bond, 2003), MOLSCRIPT (Kraulis, 1991), POVScript+ (Fenn
et al., 2003), GRASP (Nicholls et al., 1991), and Raster3D (Merritt
and Bacon, 1997).
CD Spectroscopy
Circular dichroism (CD) measurements were made using an Aviv
model 62DS CD spectropolarimeter (Aviv Biomedical, Lakewood,
NJ) equipped with a thermoelectric cell holder. Measurements
were made in buffer containing 25 mM TrisHCl, 150 mM NaCl (pH
8.0) at 20ºC. Far-UV CD spectra were collected at protein concentra-
tions ranging from 10 to 100 mM, with path lengths of either 0.1 or
0.01 cm. CD-monitored urea-induced unfolding curves were gener-
ated using a Hamilton Microlab 500 automated titrator (Hamilton,
Reno, NV) integrated with the CD spectrometer. The unfolding tran-
sitions were detected by monitoring the CD signal at 222 nm in a cell
of 1 cm path length. Protein concentrations for equilibrium unfoldingexperiments ranged from approximately 2 to 5 mM. Free energies of
unfolding were extrapolated to zero denaturant concentration as-
suming a linear dependence on denaturant (Pace, 1986; Santoro
and Bolen, 1988) as described previously (Zweifel and Barrick,
2001b). Predicted m values for urea denaturation were calculated
from empirical relations to surface area and residue number, devel-
oped by Myers et al. (1995), using the equation
mpredðcal mol21 M21  res21Þ = 247 +10:23nres;
where nres is the number of residues in the urea-induced unfolding
transition.
Fluorescence Spectroscopy
Fluorescence unfolding transitions were measured using a photo-
multiplier tube mounted 90º from the incident beam on an Aviv
62DS spectropolarimeter. Tryptophan fluorescence was stimulated
at 280 nm; emission was cutoff filtered, blocking light below 320 nm.
Urea unfolding transitions were generated and analyzed as de-
scribed above.
Static Light Scattering Measurements
Multiangle static light scattering (MASLS) measurements were per-
formed at 25ºC using an HPLC system equipped with a TosoHaas
G3000PWXL HPLC column (TosoHaas, Montgomeryville, PA),
a three-angle light scattering detector (MiniDAWN; Wyatt Technolo-
gies, Santa Barbara, CA), and a differential refractive index detector
(Wyatt Optilab DSP). Samples were dialyzed into running buffer con-
taining 300 mM NaCl, 25 mM TrisHCl (pH 8.0), 0.01% sodium azide.
High NaCl concentrations were found to be necessary to maintain
solubility in mixtures of Notch ankyrin domain and Deltex domain
1. Chromatographic separation was performed at a flow rate of 0.5
ml/min. Fifty microliter samples were injected onto a preequilibrated
column at loading concentrations between 0.5 and 5.0 mg/ml (ap-
proximately 18.5 to 185 mM protein). Data acquisition and analysis
were performed using ASTRA 4.0 software (Wyatt Technologies).
Analytical Ultracentrifugation
Equilibrium analytical ultracentrifugation data were collected using
a Beckman XL-A/XL-I ultracentrifuge (Beckman Coulter). Prior to
centrifugation, samples were dialyzed extensively at 4ºC into 25
mM TrisHCl buffer (pH 8.0) with 200–300 mM NaCl. Protein concen-
trations ranged from 0.15 to 0.9 mg/ml (between approximately 3
and 30 mM total protein). Samples were centrifuged at 20ºC at rotor
speeds ranging from 21,000 to 30,000 rpm. Sedimentation equilib-
rium was verified by comparing concentration distributions (deter-
mined using interference optics) 2 hr apart. Equilibrium data were
analyzed using the program MacNonlin-PPC (Johnson et al., 1981).
Acknowledgments
We thank Drs. Spyros Artavanis-Tsakonas and Kenji Matsuno for
kindly providing us with Drosophila Deltex cDNA. We thank Drs.
Evangelos Moudrianakis and Jaimie Godfrey for helpful suggestions
and assistance with the collection of AUC data. Data for this study
were collected at beamline X-4A at the National Synchrotron Light
Source, which is funded by the National Institutes of Health National
Center for Research Resources and the Department of Energy Office
of Biological and Environmental Research. We thank John Schwa-
nof and Randy Abramowitz at NSLS beamline X-4A for technical
support and assistance with data collection. This work was sup-
ported by NIH grant GM60001, awarded to D.B.
Received: April 14, 2005
Revised: July 21, 2005
Accepted: July 23, 2005
Published: November 8, 2005
References
Aravind, L. (2001). The WWE domain: a common interaction module
in protein ubiquitination and ADP ribosylation. Trends Biochem. Sci.
26, 273–275.
Structure
1610Arias, A.M. (2002). New alleles of Notch draw a blueprint for multi-
functionality. Trends Genet. 18, 168–170.
Artavanis-Tsakonas, S. (1997). Alagille syndrome—a notch up for
the Notch receptor. Nat. Genet. 16, 212–213.
Artavanis-Tsakonas, S., Rand, M.D., and Lake, R.J. (1999). Notch
signaling: cell fate control and signal integration in development.
Science 284, 770–776.
Barton, G.J. (1993). ALSCRIPT: a tool to format multiple sequence
alignments. Protein Eng. 6, 37–40.
Bond, C.S. (2003). TopDraw: a sketchpad for protein structure topol-
ogy cartoons. Bioinformatics 19, 311–312.
Bradley, C.M., and Barrick, D. (2002). Limits of cooperativity in
a structurally modular protein: response of the Notch ankyrin do-
main to analogous alanine substitutions in each repeat. J. Mol.
Biol. 324, 373–386.
Brennan, K., Tateson, R., Lieber, T., Couso, J.P., Zecchini, V., and
Arias, A.M. (1999). The abruptex mutations of notch disrupt the
establishment of proneural clusters in Drosophila. Dev. Biol. 216,
230–242.
Brou, C., Logeat, F., Gupta, N., Bessia, C., LeBail, O., Doedens, J.R.,
Cumano, A., Roux, P., Black, R.A., and Israel, A. (2000). A novel
proteolytic cleavage involved in Notch signaling: the role of the
disintegrin-metalloprotease TACE. Mol. Cell 5, 207–216.
Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
Pannu, N.S., et al. (1998). Crystallography and NMR system (CNS):
a new software system for macromolecular structure determination.
Acta Crystallogr. D Biol. Crystallogr. 54, 905–921.
Bulman, M.P., Kusumi, K., Frayling, T.M., McKeown, C., Garrett, C.,
Lander, E.S., Krumlauf, R., Hattersley, A.T., Ellard, S., and Turn-
penny, P.D. (2000). Mutations in the human d homologue, DLL3,
cause axial skeletal defects in spondylocostal dysostosis. Nat.
Genet. 24, 438–441.
Busseau, I., Diederich, R.J., Xu, T., and Artavanis-Tsakonas, S.
(1994). A member of the Notch group of interacting loci, deltex en-
codes a cytoplasmic basic protein. Genetics 136, 585–596.
De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts, K.,
Mumm, J.S., Schroeter, E.H., Schrijvers, V., Wolfe, M.S., Ray, W.J.,
et al. (1999). A presenilin-1-dependent g-secretase-like protease
mediates release of Notch intracellular domain. Nature 398, 518–
522.
Diederich, R.J., Matsuno, K., Hing, H., and Artavanis-Tsakonas, S.
(1994). Cytosolic interaction between deltex and Notch ankyrin re-
peats implicates deltex in the Notch signaling pathway. Develop-
ment 120, 473–481.
Fenn, T.D., Ringe, D., and Petsko, G.A. (2003). POVScript+: a pro-
gram for model and data visualization using persistence of vison
ray-tracing. J. Appl. Crystallogr. 36, 944–947.
Gibrat, J.F., Madej, T., and Bryant, S.H. (1996). Surprising similarities
in structure comparison. Curr. Opin. Struct. Biol. 6, 377–385.
Gorman, M.J., and Girton, J.R. (1992). A genetic analysis of deltex
and its interaction with the Notch locus in Drosophila melanogaster.
Genetics 131, 99–112.
Holm, L., and Sander, C. (1997). Dali/FSSP classification of three-
dimensional protein folds. Nucleic Acids Res. 25, 231–234.
Hori, K., Fostier, M., Ito, M., Fuwa, T.J., Go, M.J., Okano, H., Baron,
M., and Matsuno, K. (2004). Drosophila deltex mediates suppressor
of Hairless-independent and late-endosomal activation of Notch
signaling. Development 131, 5527–5537.
Izon, D.J., Aster, J.C., He, Y., Weng, A., Karnell, F.G., Patriub, V., Xu,
L., Bakkour, S., Rodriguez, C., Allman, D., and Pear, W.S. (2002). Del-
tex1 redirects lymphoid progenitors to the B cell lineage by antago-
nizing Notch1. Immunity 16, 231–243.
Johnson, M.L., Correia, J.J., Yphantis, D.A., and Halvorson, H.R.
(1981). Analysis of data from the analytical ultracentrifuge by nonlin-
ear least-squares techniques. Biophys. J. 36, 575–588.
Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991). Im-
proved methods for building protein models in electron density
maps and the location of errors in these models. Acta Crystallogr.
A 47, 110–119.Kabsch, W., and Sander, C. (1983). Dictionary of protein secondary
structure: pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 22, 2577–2637.
Kanwar, R., and Fortini, M.E. (2004). Notch signaling: a different sort
makes the cut. Curr. Biol. 14, 1043–1045.
Kishi, N., Tang, Z., Maeda, Y., Hirai, A., Mo, R., Ito, M., Suzuki, S.,
Nakao, K., Kinoshita, T., Kadesch, T., et al. (2001). Murine homologs
of deltex define a novel gene family involved in vertebrate Notch sig-
naling and neurogenesis. Int. J. Dev. Neurosci. 19, 21–35.
Kopan, R. (2002). Notch: a membrane-bound transcription factor.
J. Cell Sci. 115, 1095–1097.
Kraulis, P.J. (1991). MOLSCRIPT: a program to produce both de-
tailed and schematic plots of protein structures. J. Appl. Crystallogr.
24, 946–950.
Laskowski, R.A., MacArthur, M.W., Moss, D.S., and Thornton, J.M.
(1993). PROCHECK: a program to check the stereochemical quality
of protein structures. J. Appl. Crystallogr. 26, 283–291.
Leahy, D.J., Hendrickson, W.A., Aukhil, I., and Erickson, H.P. (1992).
Structure of a fibronectin type III domain from tenascin phased by
MAD analysis of the selenomethionyl protein. Science 258, 987–991.
Le Borgne, R., Bardin, A., and Schweisguth, F. (2005). The roles of
receptor and ligand endocytosis in regulating Notch signaling. De-
velopment 132, 1751–1762.
Lee, B., and Richards, F.M. (1971). The interpretation of protein
structures: estimation of static accessibility. J. Mol. Biol. 55, 379–
400.
Lehman, R., Jimenez, F., Dietrich, U., and Campos-Ortega, J.A.
(1983). On the phenotype and development of mutants of early neu-
rogenesis in Drosophila melanogaster. Rouxs Arch. Dev. Biol. 192,
62–74.
Liu, Y., and Eisenberg, D. (2002). 3D domain swapping: as domains
continue to swap. Protein Sci. 11, 1285–1299.
Matsuno, K., Diederich, R.J., Go, M.J., Blaumueller, C.M., and
Artavanis-Tsakonas, S. (1995). Deltex acts as a positive regulator
of Notch signaling through interactions with the Notch ankyrin re-
peats. Development 121, 2633–2644.
Matsuno, K., Go, M.J., Sun, X., Eastman, D.S., and Artavanis-Tsako-
nas, S. (1997). Suppressor of Hairless-independent events in Notch
signaling imply novel pathway elements. Development 124, 4265–
4273.
Matsuno, K., Eastman, D., Mitsiades, T., Quinn, A.M., Carcanciu,
M.L., Ordentlich, P., Kadesch, T., and Artavanis-Tsakonas, S.
(1998). Human deltex is a conserved regulator of Notch signalling.
Nat. Genet. 19, 74–78.
Matsuno, K., Ito, M., Hori, K., Miyashita, F., Suzuki, S., Kishi, N.,
Artavanis-Tsakonas, S., and Okano, H. (2002). Involvement of a pro-
line-rich motif and RING-H2 finger of Deltex in the regulation of
Notch signaling. Development 129, 1049–1059.
Mello, C.C., and Barrick, D. (2004). An experimentally determined
protein folding energy landscape. Proc. Natl. Acad. Sci. USA 101,
14102–14107.
Merritt, E.A., and Bacon, D.J. (1997). Raster3D: photorealistic mo-
lecular graphics. Methods Enzymol. 277, 505–524.
Mumm, J.S., Schroeter, E.H., Saxena, M.T., Griesemer, A., Tian, X.,
Pan, D.J., Ray, W.J., and Kopan, R. (2000). A ligand-induced extra-
cellular cleavage regulates g-secretase-like proteolytic activation
of Notch1. Mol. Cell 5, 197–206.
Myers, J.K., Pace, C.N., and Scholtz, J.M. (1995). Denaturant m val-
ues and heat capacity changes: relation to changes in accessible
surface areas of protein unfolding. Protein Sci. 4, 2138–2148.
Nam, Y., Weng, A.P., Aster, J.C., and Blacklow, S.C. (2003). Struc-
tural requirements for assembly of the CSLintracellular
Notch1Mastermind-like 1 transcriptional activation complex.
J. Biol. Chem. 278, 21232–21239.
Nicholls, A., Sharp, K.A., and Honig, B. (1991). Protein folding and
association: insights from the interfacial and thermodynamic prop-
erties of hydrocarbons. Proteins 11, 281–296.
Ordentlich, P., Lin, A., Shen, C.P., Blaumueller, C., Matsuno, K.,
Artavanis-Tsakonas, S., and Kadesch, T. (1998). Notch inhibition of
Deltex Structure and Receptor Binding
1611E47 supports the existence of a novel signaling pathway. Mol. Cell.
Biol. 18, 2230–2239.
Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffraction
data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Pace, C.N. (1986). Determination and analysis of urea and guanidine
hydrochloride denaturation curves. Methods Enzymol. 131, 266–
280.
Ramain, P., Khechumian, K., Seugnet, L., Arbogast, N., Ackermann,
C., and Heitzler, P. (2001). Novel Notch alleles reveal a Deltex-
dependent pathway repressing neural fate. Curr. Biol.11, 1729–1738.
Santoro, M.M., and Bolen, D.W. (1988). Unfolding free energy
changes determined by the linear extrapolation method. 1. Unfold-
ing of phenylmethanesulfonyl a-chymotrypsin using different dena-
turants. Biochemistry 27, 8063–8068.
Sestan, N., Artavanis-Tsakonas, S., and Rakic, P. (1999). Contact-
dependent inhibition of cortical neurite growth mediated by notch
signaling. Science 286, 741–746.
Suzuki, T., Shen, H., Akagi, K., Morse, H.C., Malley, J.D., Naiman,
D.Q., Jenkins, N.A., and Copeland, N.G. (2002). New genes involved
in cancer identified by retroviral tagging. Nat. Genet. 32, 166–174.
Takeyama, K., Aguiar, R.C., Gu, L., He, C., Freeman, G.J., Kutok,
J.L., Aster, J.C., and Shipp, M.A. (2003). The BAL-binding protein
BBAP and related Deltex family members exhibit ubiquitin-protein
isopeptide ligase activity. J. Biol. Chem. 278, 21930–21937.
Terwilliger, T.C., and Berendzen, J. (1999). Automated MAD and MIR
structure solution. Acta Crystallogr. D Biol. Crystallogr. 55, 849–861.
Weng, A.P., Ferrando, A.A., Lee, W., Morris, J.P.T., Silverman, L.B.,
Sanchez-Irizarry, C., Blacklow, S.C., Look, A.T., and Aster, J.C.
(2004). Activating mutations of NOTCH1 in human T cell acute lym-
phoblastic leukemia. Science 306, 269–271.
Xu, T., and Artavanis-Tsakonas, S. (1990). Deltex, a locus interacting
with the neurogenic genes, Notch, Delta and mastermind in Dro-
sophila melanogaster. Genetics 126, 665–677.
Xu, T., Rebay, I., Fleming, R.J., Scottgale, T.N., and Artavanis-
Tsakonas, S. (1990). The Notch locus and the genetic circuitry in-
volved in early Drosophila neurogenesis. Genes Dev. 4, 464–475.
Yamamoto, N., Yamamoto, S., Inagaki, F., Kawaichi, M., Fukamizu,
A., Kishi, N., Matsuno, K., Nakamura, K., Weinmaster, G., Okano,
H., and Nakafuku, M. (2001). Role of Deltex-1 as a transcriptional
regulator downstream of the Notch receptor. J. Biol. Chem. 276,
45031–45040.
Zweifel, M.E., and Barrick, D. (2001a). Studies of the ankyrin repeats
of the Drosophila melanogaster Notch receptor. 1. Solution confor-
mational and hydrodynamic properties. Biochemistry 40, 14344–
14356.
Zweifel, M.E., and Barrick, D. (2001b). Studies of the ankyrin repeats
of the Drosophila melanogaster Notch receptor. 2. Solution stability
and cooperativity of unfolding. Biochemistry 40, 14357–14367.
Zweifel, M.E., Leahy, D.J., Hughson, F.M., and Barrick, D. (2003).
Structure and stability of the ankyrin domain of theDrosophilaNotch
receptor. Protein Sci. 12, 2622–2632.
Accession Numbers
The atomic coordinates of the Deltex WWE domain have been de-
posited in the Protein Data Bank with code 2A90.
